It is now widely accepted that post-zygotic reproductive isolation is the result of negative epistatic interactions between derived alleles fixed independently at different loci in diverging populations (the Dobzhansky-Muller model). What is less clear is the nature of the loci involved and whether the derived alleles increase in frequency through genetic drift, or as a result of natural or sexual selection. If incompatible alleles are fixed by selection, transient polymorphisms will be rare and clines for these alleles will be steep where divergent populations meet. If they evolve by drift, populations are expected to harbour substantial genetic variation in compatibility and alleles will introgress across hybrid zones once they recombine onto a genetic background with which they are compatible. Here we show that variation in male sterility in a naturally occurring Chorthippus parallelus grasshopper hybrid zone conforms to the neutral expectations. Asymmetrical clines for male sterility have long tails of introgression and populations distant from the zone centre show significant genetic variation for compatibility. Our data contrast with recent observations on 'speciation genes' that have diverged as a result of strong natural selection.
INTRODUCTION
The evolution of reproductive isolation is central to the process of speciation. Recent theoretical and empirical progress in understanding the genetic basis of reproductive isolation has resulted in a widespread acceptance that post-zygotic reproductive isolation between diverging populations results from the build-up of DobzhanskyMuller (D-M) incompatibilities (Orr & Turelli 2001; Turelli et al. 2001; Coyne & Orr 2004) . These genetic incompatibilities are the result of negative epistatic interactions between derived alleles that spread in different populations and reduce hybrid fitness, due to sterility or inviability. They have been observed in a wide range of interspecific crosses (e.g. Drosophila flies, Coyne & Orr 2004 ; Nasonia wasps, Breeuwer & Werren 1995; Gadau et al. 1999 ; and Mimulus monkeyflowers, Christie & Macnair 1984; Fishman & Willis 2001) . What is not clear is the normal function of loci that contribute to D-M incompatibilities, given the only known phenotype is hybrid sterility or inviability, or the reasons for the fixation of the novel alleles at these loci (Coyne & Orr 2004) . Do these alleles typically spread via the action of natural or sexual selection or are the new alleles neutral within populations and accumulated by genetic drift? If populations are in contact during divergence, then selection is necessary to overcome incompatibility (Navarro & Barton 2003 ) but this is not true for allopatric differentiation.
The 'faster male' explanation for Haldane's Rule (the observation that hybrid inviability and sterility are concentrated in the heterogametic sex, see Orr (1997) ) suggests that hybrid male sterility might be an incidental side effect of rapid evolution of male reproductive characters resulting from sexual selection (Wu & Davis 1993; Wu et al. 1996) . There is evidence that this process does contribute to sterility in male-heterogametic taxa (Presgraves & Orr 1998) . OdsH in Drosophila mauritiana is the only hybrid sterility gene so far identified at the molecular level. Sequence comparisons suggest that it has evolved rapidly under positive selection (Ting et al. 1998) and the derived allele results in a modest increase in sperm production in young males, which may be the source of this selection (Sun et al. 2004) . The small number of loci so far identified as contributing to hybrid inviability also show evidence of a history of positive selection (Xmrk-2 in Xiphophorus, Nup96 and Hmr in Drosophila: Schartl et al. 1999; Barbash et al. 2003; Presgraves et al. 2003) . While these observations suggest that reproductive isolation is an incidental consequence of divergence under selection, the sample size is currently very small, biased towards Drosophila and based on comparisons after speciation is complete.
If selection leads to the fixation of beneficial alleles within populations that interact negatively with other loci in a hybrid genetic background, we can predict limited genetic variation within populations for D-M incompatibilities. Accumulation of incompatibilities by drift predicts the opposite: populations should typically harbour genetic variation at these 'synthetic deleterious loci' (Nei et al. 1983; Phillips & Johnson 1998) . While the negative fitness effects of such loci will very rarely be felt within populations, they may be expressed in crosses between divergent populations that harbour incompatible alleles at high frequency. Early work suggested that standing variation for the strength of reproductive isolation was common (Coyne & Orr 2004, p. 271 ) but this has only rarely been subjected to systematic study (Wade et al. 1997; Reed & Markow 2004; Wade & Johnson 1994) . Determining the nature of loci involved in the first stages of the evolution of reproductive isolation by this approach is an important complement to the analysis of interspecific crosses.
Hybrid zones open a window on an intermediate stage of divergence where the behaviour of incompatibilities accumulated in a period of allopatry and then brought into secondary contact can be followed under natural conditions (Harrison 1993; Shuker et al. 2005) . Gavrilets (1997) has modelled the behaviour of D-M loci in a hybrid zone. Asymmetrical clines in allele frequency are expected to form: steep on the side where the allele is in a foreign genetic background and so contributes to inviability or sterility, but shallow on the other side where the derived and ancestral alleles are competing in a genetic background with which they are both compatible. Therefore, when dispersal is known, cline widths can be used to estimate the strength of selection in both genetic backgrounds under natural conditions (Barton & Hewitt 1985) , providing a test for the role of selection in the spread of the derived D-M alleles.
Here, we consider the quantitative genetic basis of hybrid incompatibility in a hybrid zone between two subspecies of the meadow grasshopper, Chorthippus parallelus parallelus (CPP) and Chorthippus parallelus erythropus (CPE) (Butlin 1998) . Specifically, we explore patterns of genetic variation within and between the two subspecies for hybrid male sterility. We consider clines in testis dysfunction, as measured by testis follicle length, through crosses of males from reference populations of each subspecies with hybrid females collected through a well documented transect across the hybrid zone. F1 hybrid males are completely sterile but males collected from the hybrid zone are fertile, as predicted if recombination reconstructs compatible ancestral genotypes (Gavrilets 1997; Butlin 1998; Shuker et al. 2005) . For comparison, we also consider patterns of genetic variation in a putatively neutral morphological character that varies between the subspecies: male stridulatory peg number. If positive selection has acted on genes that underlie the hybrid male sterility in crosses between CPP and CPE parents, then we predict: (1) genetic variation within distant populations will be low or absent and (2) clines will be steep relative to dispersal on both sides of the zone.
METHODS
(a) The parallelus-erythropus hybrid zone The two subspecies meet and form hybrids in passes through the Pyrenees Mountains between France and Spain. Molecular data suggest that these two subspecies have been diverging for about 0.5 M years, having been restricted to separate refuges during recent ice ages (Cooper et al. 1995; Lunt et al. 1998) . The two subspecies differ in a number of morphological, behavioural and genomic traits (Butlin 1998; Shuker et al. 2005) , with the morphological character that best resolves the two subspecies being male stridulatory peg number (Butlin & Hewitt 1985; Butlin et al. 1991) . In the field, hybrids of both sexes are fully viable and fully fertile. However, crosses between 'pure' individuals from either side of the hybrid zone yield sterile males, characterized by severe testis dysfunction (an example of Haldane's Rule as males are XO: Hewitt et al. 1987; Bella et al. 1990 ).
(b) Experimental crosses and cline analysis Grasshoppers were collected during July and August 1994, 2000 and 2001 from 28 sites through the Col de la Quillane, in the eastern Pyrenees, following the transect of Butlin et al. (1991) . Reference populations of the two pure subspecies were collected from Aunat, France (CPP) and Greixer or Bellver, Spain (CPE). See the electronic supplementary material for rearing details. All distances through the hybrid zone were measured from Aunat as the sum of straight-line distances between adjacent sites.
We made crosses between reference population males (collected as either nymphs or adults) and virgin females from sites across the zone, to produce male offspring with differing genetic constitutions. By doing so, we expressed the incompatibilities that exist between the pure subspecies and visualized how the alleles at D-M loci penetrate the hybrid zone as clines in male sterility. For example, Aunat (CPP) reference males that were crossed to females from the most distant site on the CPE side of the hybrid zone produced male offspring with F1 genotypes: a CPE X chromosome and one set of autosomes from each of the subspecies. These offspring were expected to be sterile. A CPP male crossed to a female from a nearby population on the CPP side of the hybrid zone was expected to produce fertile, CPP-genotype offspring. However, a CPP male crossed to a female from the middle of the cline for sterility-causing alleles yielded male offspring with a recombined X chromosome, one set of pure CPP autosomes and one set of recombined autosomes. Thus, measurements of offspring testes reveal the positions of clines for alleles at D-M genes if they are X-linked or involved in dominant genetic incompatibilities.
Follicle length was used as a measure of male sterility as it is strongly correlated with other measures of testis function, including sperm production (Hewitt et al. 1987; Virdee & Hewitt 1992 Tregenza et al. 2002) . Six follicles were randomly chosen and measured under a dissecting microscope with an eyepiece graticule following the method of Hewitt et al. (1987) and the mean follicle length calculated for each male. We confirmed the positive relationship between follicle length and the presence of sperm bundles in a sub-sample of 433 males using logistic regression (logistic regression coefficient bZ8.24G1.02, c 2 1 Z 366:1, p!0.0001). Male stridulatory peg numbers were counted by removing the left rear leg after death and counting the pegs on the femur under a compound microscope.
(c) Statistical analysis We estimated the partitioning of variance among sites along the transect and among families within sites, using hierarchical analysis of variance (for the 2000 and 2001 data only since families were not separated in 1994). We did this separately for the sets of crosses to CPP and CPE males and from either side of the hybrid zone, omitting sites in the transitional area (less than 0.5 cline widths from the estimated zone centre). This yielded four analyses: within each subspecies (i.e. between pure CPP males and females from the CPP side of the zone centre; the same for CPE) and the two reciprocal F1 crosses (between CPP males and females from the CPE side of the zone and vice versa). Residuals did not deviate significantly from a normal distribution for either stridulatory peg number or mean follicle length.
Clines were fitted using an extension of the method applied by Butlin et al. (1991) . See the electronic supplementary material for further details. No differences were detected between years so all data were combined. To account for the asymmetry predicted by Gavrilets (1997) , the zone width was allowed to differ on either side of the centre in some models. The within site variance was allowed to differ between the ends of the transect (i.e. between pure and F1-like crosses) and was assumed to be a linear function of the proportion of 'foreign' alleles. In some models, we added a quadratic term since segregation and linkage disequilibrium are expected to elevate the variance in the centre of a hybrid zone (Barton & Gale 1993) .
Models were fitted by calculating the log-likelihood of the observed data for a given set of parameter values, assuming a normal distribution of mean follicle lengths (or peg numbers) and searching for the maximum likelihood parameter combination using a Metropolis algorithm (Tregenza et al. 2000) . Nested models were compared by testing twice the difference in log-likelihood against a c 2 distribution, with the degrees of freedom equal to the difference in number of parameters in the models.
RESULTS
We analysed follicle length data from a total of 964 males, 527 from crosses to CPP reference males and 437 from crosses to CPE. The females came from 28 sites with 1 to 103 offspring per site, distributed across 1 to 14 families. Stridulatory peg number data were obtained for 776 of the offspring.
(a) Genetic variation in hybrid male sterility and stridulatory peg number Whichever reference population was used, the total variance among offspring in mean follicle length was much greater in crosses that spanned the hybrid zone, producing F1-like genotypes, than in crosses within subspecies (table 1). There was significant variation among full-sib families within sites in all cases, but no significant variation among sites from which female parents were derived. The among-family component of variance was highest for crosses between CPE males and CPP females, where it exceeded 50% of the total variance. Effects of rearing environment were minimized by splitting families and randomizing positions in the controlled temperature room. Maternal effects will be included in the among-family variance but are unlikely to explain this effect on adult male offspring and cannot explain the large difference in variance between pure and F1-type crosses. The family effects therefore indicate significant genetic variation for follicle length segregating within populations of each subspecies. That they increase in inter-subspecific crosses indicates epistatic interactions between the loci contributing to the additive genetic variance within populations and the hybrid genetic background, as expected under the D-M model.
The absence of a significant component of variation among sites suggests that this genetic variation is unlikely to be due to introgression of alleles into sites close to the hybrid zone. The family component of variance remains significant when crosses between the most extreme populations alone are considered (more than 60 km apart, s.d. of parent-offspring distances !30 m per generation: (Virdee & Hewitt 1990 ). Inspection of the follicle length distributions for offspring from these Table 1 . Variance component analyses for mean follicle length and stridulatory peg number of male offspring in crosses between reference males and females from the CPP or CPE side of the hybrid zone (CPP, C. p. parallelus, CPE, C. p. erythropus). extreme crosses shows some evidence of bimodality, with some individuals (9/69 in crosses to CPP males, 4/45 in the reciprocal) having apparently normal testes with sperm production (figure 1). This pattern suggests that there are, segregating within populations, one or more loci of relatively large effect contributing to F1 sterility. The stridulatory peg number data reveal a very similar pattern (table 1) . Variation among families was significant in all cases but variation among sites was not detected. The total variance was markedly higher in hybrid than in pure crosses. Peg number distributions were not bimodal and peg number was not correlated with follicle length among offspring from the same maternal site (e.g. rZ0.03 and K0.15, pO0.2, for the two reciprocal crosses between the ends of the transect).
(b) Clines in hybrid male sterility and stridulatory peg number Asymmetrical clines provided a better fit to the mean follicle length data than symmetrical clines for both sets of crosses when analysed separately (crosses to CPP males, c 2 1 Z 40:11, p!0.001; crosses to CPE males, c 2 1 Z 4:44, pZ0.035). However, the asymmetry was much more marked for CPP crosses than for CPE crosses (figure 1). When the two data sets were analysed together, the best fitting model had a common cline centre and width on the steep, non-hybrid side but separate parameters for the two directions of cross for all other parameters (table 2) . This model was a significant improvement over a model with the same width on the hybrid side (c 2 1 Z 10:1, p!0.01) and the asymmetrical model was a much better fit than the equivalent symmetrical model (c 2 1 Z 30:9, p!0.001). The fully independent clines model did not provide a significant improvement over the asymmetrical model with common centre and hybrid-side width (c 2 1 Z 4:44, pO0.1). The fitted parameters confirm the substantial difference in variance between the pure and hybrid crosses, in both directions, but adding a quadratic term did not improve the fit of any of the models.
For stridulatory peg number, we detected a difference between reciprocal crosses suggesting sex linkage. This has been observed previously in C. parallelus (Butlin & Hewitt 1988a ) but not in a related species pair (C. brunneus and C. jacobsi; Saldamando et al. 2005) . A model with common parameters for both directions of cross and including a term for sex linkage, was fitted to the data (table 2) . This model includes a significant difference in variance between pure and hybrid crosses, as expected from the variance components analysis, but adding a quadratic term did not improve the fit. The fit was also not improved by allowing differences between directions of cross for any of the parameters. The position of the cline centre is close to that estimated previously but the width is greater, being closer to the value obtained for a transect in the western Pyrenees (Butlin et al. 1991) .
DISCUSSION
Our data on hybrid sterility in C. parallelus grasshoppers do not conform to the expectations if positive selection were responsible for the spread of D-M incompatibility alleles. Populations at the extremes of our transect are polymorphic for alleles that contribute to sterility in intersubspecific crosses, paralleling recent observations in Drosophila mojavensis (Reed & Markow 2004) . Clines for sterility are asymmetric, as predicted (Gavrilets 1997) , and cline widths indicate little or no advantage to derived alleles in compatible backgrounds. As in the case of D. mojavensis, our system allows us to study early events in speciation: the spread of alleles that contribute to reproductive isolation before it is complete rather than those that may have accumulated after speciation. The hybrid zone provides the added advantage that the behaviour of these alleles when in contact with an incompatible genetic background can be observed under natural conditions.
Our observations on stridulatory peg number provide a useful background against which to interpret the male sterility data. Although the pegs are essential for production of acoustic mating signals, peg number is not tightly correlated with song structure, which is determined primarily by leg movement patterns (von Helversen & Elsner 1977; Butlin & Hewitt 1988b) . Therefore, selection on peg number is likely to be weak at most and this is consistent with the wide clines observed here and in previous analyses (Butlin et al. 1991) . There was no evidence for asymmetry of clines or differences in cline parameters between the two directions of cross, except for the effects of sex linkage. No elevation in variance at the cline centre was detected, suggesting that the number of loci underlying divergence between the two subspecies is large (Barton & Gale 1993) .
Our observations on the hybrid male sterility clines are also consistent with the theoretical predictions for D-M incompatibility loci when the derived alleles are neutral or weakly selected within populations, but interact to cause sterility in hybrids. As in the Gavrilets (1997) model, clines are asymmetrical. Introgression on the hybrid side is wide because the ancestral allele, for example from CPP, does not have significantly reduced fitness relative to the derived allele present in CPE and does not cause sterility. This is not what we would expect if the derived CPE allele were appreciably fitter than the ancestral allele (i.e. if its original spread had been driven by positive selection). Introgression on the pure side is much less because the derived allele from CPE contributes to sterility in the CPP genetic background. Introgression on the hybrid side suggests weak selection, at most, favouring derived alleles in both backgrounds (see the electronic supplementary material for a discussion of the strength of selection). The cline is much wider in crosses to CPP than in crosses to CPE but there is no reason to expect them to be equal: derived alleles at different loci are expected to be fixed independently in the two backgrounds (but see below). We did not observe the displacement of clines reported by Virdee & Hewitt (1994) and predicted by Gavrilets (1997) to arise as a result of recombination generating fit ancestral genotypes with compatible alleles. However, displacement by a distance comparable to the width on the steeper side of the cline would be difficult to detect, given our sample spacing and the variance present within sites. The essential point, that populations in the centre of the hybrid zone can be crossed to either parental subspecies and generate largely fertile hybrid offspring, remains true. The wider clines and greater displacement reported previously (Virdee & Hewitt 1994; Butlin 1998) are probably an artefact of fitting clines to their relatively small data sets, without allowing for a change in variance across the transect and without allowing for asymmetry; fitting symmetrical clines with constant variance to our data generates results similar to those obtained previously.
Hybrid offspring had greater within-site variance in peg number than pure offspring, as might be expected from a reduction in homeostasis in the mixed genetic background and there was significant variance among families, consistent with the high heritability expected for a quantitative trait under weak selection (see Butlin & Hewitt 1986 for a closely related species).
Substantial among-family variance in sterility was observed in all types of cross, even in populations remote from the hybrid zone, with the total variance much greater in hybrid than in pure crosses. This is inconsistent with strong selection favouring the derived alleles that cause sterility in hybrid crosses that would lead rapidly to fixation within populations. The simplest explanation for this observation is that alleles responsible for D-M incompatibilities are neutral, or nearly neutral, against their own genetic background (Phillips & Johnson 1998 ). Balancing selection is a possible alternative explanation for the maintenance of high levels of genetic variation within populations. It is difficult to reject this hypothesis: it would predict steep clines but high variance within populations making cline widths difficult to estimate. Introgression across the zone might also contribute to the observed variation. This is highly unlikely on the CPP side where the distance from the Aunat site to the zone centre is more than 15 times the estimated cline width. However, it is possible on the CPE side where the estimated cline width is much greater. Introgression over this distance might suggest that some of the derived alleles are actually less fit than the ancestral alleles, in which case their original spread most likely involved drift in small populations, perhaps during post-glacial range expansion. The wide cline on this side of the hybrid zone may be related to the known displacement of a cline for an X chromosome marker from CPP into CPE (Ferris et al. 1993 ). An interesting feature of the data is the apparent bimodality, especially in the cross between CPP males and females from the CPE reference site. This suggests segregation of alleles at loci with large effect, most probably on the X chromosome in CPE.
Our results provide a counterpoint to recent evidence that genes contributing to post-zygotic reproductive isolation diverge as a result of selection. The four loci that have been identified in interspecific hybridizations as contributing to D-M incompatibilities and have been characterized at a molecular level, all show evidence for recent adaptive evolution (Ting et al. 1998; Schartl et al. 1999; Barbash et al. 2003; Presgraves et al. 2003) . The approach of examining variation within populations that influences fitness of hybrids has been relatively neglected, even though the Xmrk locus in platyfish is polymorphic within populations (Schartl 1995) and hybrid rescue loci in Drosophila vary among lines (Davis et al. 1996) . Apart from the current study, there have been only two systematic investigations of variation for compatibility: Wade and collaborators (Wade & Johnson 1994; Wade et al. 1997) found substantial segregating variation within Tribolium castaneum for hybrid survival and morphological abnormalities when crossed with T. freemani, and Reed & Markow (2004) found variation within and between Drosophila mojavensis populations for male sterility when crossed to D. arizonae. There is variation among widespread European populations of CPP for sterility (follicle length) when hybridizing with CPE (Tregenza et al. 2002) .
Here we observe variation within populations and provide evidence that selection on D-M incompatibility alleles is weak or absent. Further study of this type of variation can contribute significantly to our understanding of speciation.
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